A simple model of canopy expansion and senescence with accumulated thermal time from sowing was used to describe differences in canopy development and potential size across a range of sites in the UK between 1992 and 1995. The principal model inputs were nitrogen, temperature and sowing date. The model was calibrated across six sites within the major wheat growing areas using canopy data collected during the 1992\93 and 1993\94 growing seasons and was validated using data collected in the 1994\95 season. The model was able to predict the time course of green area index (GAI) over a season with an r# 0n87 for the five English sites, and an r# l 0n68 for the single Scottish site. This model may prove to be a useful approach to forecasting the potential canopy size, based upon an estimate or measure of the total nitrogen available to the crop (both from applied fertilizer and the soil).
INTRODUCTION
The prediction of the size of a crop's green area is a significant challenge because of its dependence upon critical environmental variables such as temperature, daylength, soil moisture status, nutrient availability and disease, pest and weed interactions. The farmer can judge a crop's potential and husbandry requirements in terms of the green area or canopy size to optimize yields and inputs at various key growth stages (HGCA 1997) during the season, and therefore prediction is useful. The canopy dictates the subsequent crop performance in terms of light capture, dry matter production and grain growth. A number of modelling approaches have been reported for the prediction of leaf area index (LAI), most of which fall into either ' empirical ' or ' semi-mechanistic ' representations.
Empirical functions treat the LAI or specific leaf area (SLA) as a variable dependent on, for example, biomass (Charles-Edwards & Acock 1977) or daily average temperature and radiation (Acock et al. 1979 ; Sheehy et al. 1980) . Under optimal conditions, the maximum LAI of wheat has been related to * To whom all correspondence should be addressed. Email : andy.gillett!nottingham.ac.uk the amount of nitrogen (N) in the soil profile at sowing plus added fertilizer (Benbi 1994) . Green & Gregson (1984) considered the time course of green area index (GAI) to be the product of exponentially varying expansion and senescence terms (described using four fitted parameters). Such descriptions are generally limited to the unique properties of the sites and years over which they were derived and fluctuations in the environment may result in unrealistic variation in the SLA or LAI.
Semi-mechanistic approaches treat LAI as an independent variable reflecting changes in the environment. For example, Johnson & Thornley (1983) , using the observations of Woledge & Jewiss (1969) and Woledge (1971) , proposed SLA as a dynamic (i.e. seasonally varying) variable affected by the amount of substrate (supplied by assimilation of photosynthates) within the crop relative to the total crop biomass. The pattern of SLA was thus strongly correlated with subsequent light intensity during the season. Mass (1993) proposed a plant canopy model in which the generation of new leaf canopy was driven by the amount of daily growth and fraction partitioned to lamina (converted to canopy surface using a cropspecific SLA). Each increment in leaf growth had a predetermined life span dependent upon thermal time accumulated from ' leaf appearance '. Carberry et al. HMSO (1994) . LN refers to a low N crop residue in soil at sowing ; HN refers to a high N crop residue in soil at sowing. Data sets in bold were used for model calibration, remaining data sets were used for model validation.
(1993) simulated leaf area by predicting individual leaf sizes. The objective of the work presented here was to develop a simple model (i.e. few parameters) capable of describing the time course variation in green area index for the whole canopy across a number of UK sites. Relationships between model parameters and the environment and husbandry at each site were investigated and quantified. This information was then used to develop a general empirical GAI model applicable over the main wheat growing areas of the UK, under ' normal ' conditions of nitrogen application and irradiance.
DATA SOURCES
The model was developed using data collected at six sites within the UK (Table 1) . Winter wheat (cv. Mercia) was sown at each site with the aim of achieving full expression of yield potential by limiting disease, weed and pest infestation to a minimum. A prophylactic fungicide programme was followed at stem extension, flag leaf emergence and ear emergence, whilst lodging was prevented by treatment with plant growth regulators. A standardized sampling procedure was used on all sites during the growing season (Stokes et al. 1997 ). There were either five (1992\93) or three (1993\94 and 1994\95) replicates.
At two of the sites (Boxworth and Sutton Bonington) the response to nitrogen (and nitrogen crop residue) was investigated for two sowing dates in the 1992\93 and 1993\94 seasons (Table 1) , except at Sutton Bonington 1993\94. Experimental methods and design for the phenological measurements and nitrogen management experiments are described more fully by Kirby & Weightman (1997) and Stokes et al. (1997) , respectively. Detailed phenological records were available for the early sown, high applied fertilizer N, low crop residue N crops (six sites over two seasons). The decimal code (Zadoks et al. 1974) , as defined by Tottman (1987) , was used.
Nitrogen fertilizer was applied at rates between 0 and 210 kg N ha −" , based on recommended practices (MAFF 1994) for the high N supplied crops, whilst consideration of the soil mineral N (determined in late February) was made for the low fertilizer N supplied crops (Stokes et al. 1997) . Some crops had zero N supplied as fertilizer and relied solely on the soil N supply. Crops were not irrigated during the season.
Daily records of the temperature (wet and dry bulb, maximum and minimum), rainfall and hours of bright sunshine, were obtained from meteorological stations close to the experimental fields.
The sowing experiments in 1992 and 1993 (Table 1 ) were used to calibrate the model, which was validated using the 1994 sown data. In total, there were 66 calibration data sets and six validation data sets (1994\95).
MODEL FORMULATION AND CALIBRATION
The calibration data sets were used to generate model parameters for each combination of site and year, making use of the non-linear regression methods available in the MM package (SBTechnology 1994) and Press et al. (1989) . An analysis of the experimental errors of each data set indicated a variance stabilizing transformation was required, a logarithmic (natural) transformation was found to be appropriate.
Relating GAI and thermal time
Canopy GAI was related to accumulated thermal time (i.e. sum of daily average temperature above a base temperature of 0 mC) using an approach similar to that of Benbi (1994) . The model is analogous to the normal probability density function :
where T t is the accumulated thermal time from sowing ; GAI int is the integral of the theoretical GAI curve with respect to T t ; µ is the thermal time at which the GAI is a maximum and σ is related to the canopy duration about µ.
Taking the natural log transform of Eqn (1) gives :
This model (Eqn (2)) was able to describe the GAI for each site and nitrogen treatment with r# 0n90 in all cases and enabled parameterization across a range of sowing dates (28 September to 14 December) and nitrogen application rates (0-210 kg ha −" ). Figure 1 shows the modelled and observed GAI against the accumulated thermal time across a range of N treatments (0-140 kg ha −" ). The parameter µ is reasonably constant (for the same sowing date) across the range of applied N whilst the peak GAI (and GAI int ) increases with N. The canopy parameters generated from calibration data sets (in bold in Table 1 ) were correlated (linear regression on a single-variate basis) against a wide range of environmental and husbandry variables including temperature, saturation deficit, rainfall, sunshine hours, incident radiation (derived from sunshine hours after Rietveld (1978)), nitrogen offtake, soil mineral N and application rates. The environmental variables were investigated across three periods for the well fertilized crops (soil plus fertilizer N 240 kg ha −" ) : sowing to end of February ; March to May and sowing to final harvest. These factors over the first two periods were hypothesised to have an important effect upon the generation and senescence of the crop canopy. Significant correlations were found between timing of peak GAI (µ) and average daily temperature, total saturation deficit and incident radiation between sowing and late February (P 0n01). The canopy duration parameter (σ) was negatively related to the average daily saturation deficit between March and May (P 0n01).
Development model for canopy expansion and senescence
Detailed phenological records were available for 12 of 
the calibration data sets (six sites over the two seasons) and were compared to the timing of peak GAI (µ) and duration about this peak (σ) (Fig. 2) . For 10 of the 12 data sets µ occurred within the relatively short developmental period between the start of ear emergence (GS 55) to the onset of anthesis (GS 61), whilst for two (Harper Adams and Sutton Bonington, 1992\93) , it occurred at the start of ear emergence (GS 51). This suggests that µ primarily coincided with the start of anthesis.
Interpretation of the significance of the positions µ-σ and µjσ are not as clear. The main phase of canopy expansion (considered as occurring from µ-σ to µjσ) generally coincided with the appearance of the second or third node (GS 32-33) and was complete during the period of milk development within the grain or maximum grain water content (GS 71-77), see Fig. 2 .
The prediction of the timing of peak GAI was critical to the development of a suitable predictive model. A simple model was initially calibrated with µ inversely proportional to the sowing date, but this was ineffective in simulating the GAI pattern over the 1994\95 season, because of the effects of vernalization and photoperiod (see Discussion). Therefore, the Weightman et al. (1997) model was used to predict the thermal time to anthesis (GS 61). The rate of leaf emergence was calculated using the corrected function of Baker et al. (1980) . Final leaf number was calculated as a function of the thermal time between sowing and full vernalization (Kirby 1992) and the photoperiod at the time of full vernalization (Keisling 1982). Coefficients appropriate for cv. Mercia were used in these functions (Weightman et al. 1997 ).
The parameter σ was relatively constant across all the nitrogen treatment and sowing dates with a mean value of 344p10 mC day (95 % confidence interval). Therefore, it was presumed to be valid to assume a constant value of σ for all experiments.
The 1 : 1 line in Fig. 3 accounts for 68 % of the variation (r# l 0n68, P 0n001) and shows the good agreement between the fitted values for timing of peak GAI (µ o ) against the timing of anthesis (µ p ), as predicted using the model described by Weightman et al. (1997) .
GAI across the whole season was assessed by comparing the model estimates of GAI to the observed GAI patterns for all the calibration data (Fig. 4) . The results show a trend that is very close to the 1 : 1 line (r# l 0n74, P 0n001) with a best fitting line of Predicted GAI l 1n009*Observed GAI (r# l 0n81, P 0n001).
Canopy potential model
Over the range of soil types and two seasons, the canopy size as quantified by GAI int and GAI max (peak GAI) was significantly (P 0n001) related to the total supply of nitrogen (N TRA ). This was defined as the sum of the soil mineral nitrogen (SMN) in the spring (mid-late February) and N offtake by the crop at that time plus total applied fertilizer over the season. It is assumed that the soil mineral N is readily available to the crop for uptake and the fertilizer is rapidly immobilized within the surface layer, which is fully available to the crop during subsequent growth. The relationship between canopy potential (GAI int , m# m −# mC day) and N TRA (kg N ha −" ) (Fig. 5) is (standard errors given in parentheses) :
The use of a number of alternative functions to describe the data in Fig. 5 was investigated, including a curvilinear logarithmic curve and a standard quadratic-by-quadratic cubic curve (Genstat 5 Committee 1993). However, the linear relationship shown in Fig. 5 was adopted to maintain simplicity (r# l 0n54, P 0n001, 65 ..), despite the cubic curve showing a significant improvement in fit to the data (P 0n001). However, the latter relationship suggested that at higher levels of nitrogen supply (N TRA 250 kg ha −" ) the efficiency of conversion of nitrogen into green material increased, whereas in practice a limit to GAI would be expected due to other limiting factors (such as light resources, nutrients and structural stability). The significance of the non-zero intercept in Eqn (2) is discussed below.
MODEL VALIDATION
The six experiments for the 1994\95 season, not used in the calibration of the GAI model, were used as an independent assessment of the model. The good correlation between observed and predicted GAI over the whole season across all sites is shown in with the 1 : 1 line accounting for 85 % of the variation (r# l 0n85, P 0n001). The simulated and observed time course of GAI at each site are shown separately in Fig. 7 with the independent variable as accumulated thermal time. The standard error between observed and predicted GAI is generally close to or below 1 unit of GAI, with the notable exception of the Edinburgh site, where the canopy area was overpredicted beyond the anthesis stage. The average root mean square of the differences (.... ; Wallach & Goffinet 1989 ) between the fitted timing of peak GAI and that predicted by the development model (Kirby & Weightman 1997) was c. 150 mC day over all sites. This represents a period of c. 10 days, assuming a daily average temperature of 15 mC above base temperature.
DISCUSSION
The fitting of Eqn (1) to the GAI-accumulated thermal time relationship provided a simple and quick way to describe the pattern of canopy expansion and senescence. Other authors have observed similar patterns of canopy area with time. Benbi (1994) defined the relative growth factor of spring wheat as the ratio of LAI to LAI max (analogous to the normal probability density function) and found it followed an exponential function of accumulated thermal time. The form of this function approximated a normal distribution, similar to the relationship developed and presented in this paper for GAI.
The fitted values for the two parameters µ and σ were reasonably constant over all experiments (calibration and validation data sets) with mean values (95 % confidence intervals) of 1587p30 mCday and 345p12 mCday, respectively. A relatively complex development model was required to predict the thermal time to anthesis ($ µ). A simpler approach in which µ was inversely proportional to the sowing date was ineffective in simulating the GAI over the 1994\95 season (validation data) due to the warmer temperatures experienced over that winter (November and December in particular), with an increase in final leaf number. This indicated that correction was required for the differing vernalization regimes that may be experienced between seasons, despite the fact that anthesis was highly synchronized in time or Julian date (Hay & Kirby 1991).
The parameter describing duration of the canopy (σ) can be taken as one half of the thermal time period for which the canopy is 61 % of the maximum GAI. Over all data sets the average predicted GAI at p1σ is 4n0 (ranging between 2n4 and 5n4). Canopy ' closure ' or 75 % light interception is often considered to occur at GAI $ 3 (for example Monteith & Scott (1982) ), which suggests that this parameter could in practice be interpreted as representing half the duration in mCday) for which the canopy can be considered closed. No practically useful relationships were found between σ and any of the environmental variables investigated, even when these were considered over periods generally considered important (such as sowing to early spring and March to May). The timing of nitrogen application did not appear to correlate well with this parameter either, although there was a significant correlation (P 0n001) with the crop nitrogen offtake over winter (crop offtake as measured in February). However, the simulation of the uptake of this nutrient represents a significant modelling task with below ground variables (such as mineral nitrogen) generally poorly simulated (Groot et al. 1991) . Therefore, for this simple model, the duration in thermal time was considered to be a characteristic parameter of the variety. The proposed combination of development and canopy potential models was able to simulate the pattern of canopy expansion and senescence successfully for five out of the six independent validation data sets (Fig. 7) . Edinburgh represented the most northerly of the six locations, and the canopy potential as quantified by the totally available nitrogen (or N TRA ) was significantly overestimated by the simple model. This may suggest that not all of the available nitrogen could be fully utilized for canopy expansion. Across all sites, the rainfall in December, January and February (1994\95) was greater than the long-term site averages (generally between 130 and 211% of long-term monthly averages). In particular, Edinburgh was the wettest site with 373 mm of rainfall during this period. The analysis over the two preceding seasons had already indicated that high rainfall totals in the period of fertilizer application (March to May) was associated with low crop nitrogen offtakes, probably associated with greater leaching losses out of the rooting zone. Similarly, Gooding et al. (1997) found that grain protein was negatively associated with May rainfall. Therefore, a higher degree of mechanism may be required to explain the environmental situation experienced in Edinburgh.
The amount of nitrogen uptake required to form a unit of green canopy area has been defined as the canopy nitrogen requirement or CNR (SylvesterBradley et al. 1990 ) and extensively studied across a range of N-fertilized and managed crops (Stokes et al. 1997) . Stokes et al. (1997) found that the CNR varied according to the maximum canopy size between 24 kg N ha −" green canopy for a LAI l 4 to 30 kg N ha −" green canopy for a LAI l 9, with a line of best fit describing the CNR for Mercia of :
Canopy size l (0n028*Nitrogen uptake)j1n36 (4) Taking the intercept of Eqn (4) as 1n36 units of GAI, a value for µ l 1587 mCday and σ l 345 mCday (mean values across all data sets) and re-arranging Eqn (1) to solve for GAI int gives a value of 1180 m# m −# mCday. This is similar to the value (2433 m# m −# mCday) for the significant non-zero intercept shown in Fig. 5 and Eqn (3). The relationship developed here (Eqn (3)) is therefore analogous to the CNR concept, though the main difference is the latter is assumed to be valid only over the main period of canopy expansion between February and May (Stokes et al. 1997) , whereas the relationship developed here can be applied over the whole period of canopy expansion and senescence.
The intercept shown in Fig. 5 suggests that not all the nitrogen available to the crop has been accounted for in this analysis, as zero supply of nitrogen should not support the development of a canopy surface. In practice, a proportion of the N TRA would either be lost from the soil profile (through movement out of the rooting zone or denitrification within anaerobic layers within saturated soil profiles) or would not be extractable by the root system. The possible effect of soil mineralization after spring fertilizer application may well have actually caused an underestimate in the total amount of plant available nitrogen, thereby generating the significant non-zero intercept of Fig. 5 .
Mechanistic models describing canopy or leaf area expansion often require a large number of parameters and intermediate predictions of plant variables. For example, the model proposed by Thornley & Johnson (1990) assumes the specific leaf area (m# leaf kg −" structural dry matter) is a seasonal constant, whilst the prediction of new leaf production requires estimates of the carbohydrate substrate, daily dry matter production and partitioning fractions to lamina and shoot. The ratio of leaf area to dry matter was observed to vary quite markedly over the season (for example 5-27 m# kg −" at Harper Adams, 1993\94) and it would appear that this particular crop property is a function of both phenology and supply of nutrients and light resources. By comparison, the model described in this paper requires far fewer parameters to predict the expansion and senescence of the canopy.
The GAI model developed in this investigation was not strictly dynamic because the canopy potential was dependent on knowledge of an estimate of the total nitrogen supply to the canopy (irrespective of its timing and incident radiation). Consideration of the effect of high periods of rainfall, which may be important in determining leaching losses from the soil profile, would be a possible extension to this work. However, as a basis for considering the variation in canopy size that would ' normally ' be expected with nitrogen applied with normal timing, it is a simple and effective model, demonstrating the close control that nitrogen supply has over canopy size.
In addition, it is proposed that the analysis of leaf area or green area curves in thermal time using Eqn (2) allows an easy quantitative interpretation of crop responses over a range of nitrogen and environmental conditions. Responses to other factors of interest to the cereal grower (such as disease, variety and soil moisture) could similarly be investigated. 
